Objectives: The solvent, dimethylene glycol monobutyl ether (DGBE), is a component of latex paints, inks; it is used as a degreasing agent, industrial detergent. The aim of the study was evaluating the effects of DGBE administered by gavage on the estrous cycle and given with drinking water on fertility in rats and early development of their progeny. Materials and Methods: Female rats were exposed to DGBE by gavage during 8 weeks at 250, 500 or 1000 mg/kg/day. Vaginal smears were collected during the exposure and 4 weeks after its cessation. Fertility studies were performed in male and female animals exposed to in drinking water. Males were exposed for 10 weeks and then mated with females exposed before mating, during pregnancy and lactation. Young animals were observed during 3 weeks after birth. Results: DGBE does not cause disturbances of the menstrual cycle in females. Parameters used to assess the general toxicity indicate that males receiving DGBE in drinking water are more sensitive to this compound than females: significantly greater, dose-dependent relative spleen weight, significant decrease in hematological parameters from 8% to 15% depending on the dose, were observed. Clinical chemistry parameters (HDL-cholesterol, BUN) and some markers of oxidative stress differ between the exposed groups and the control one, but without adverse health effect. The microscopic examination of internal organs did not reveal morphological changes in male and female rats. Conclusion: The results of our study on the impact of exposure to DGBE on fertility in rats indicate that the substance administered for 9-10 weeks to females and males at a limit dose of 1000 mg/kg did not impair fertility or viability of their offspring during the first three weeks of life.
INTRODUCTION
Dimethylene glycol monobutyl ether (DGBE) is one of the glycol ethers which are widely used as chemical solvents. Some compounds of this group (ethylene glycol methyl ether, ethylene glycol methyl ether, their acetates and ethylene glycol dimethyl ether) are gonadotoxic, causing fertility disorders, birth defects and impaired development of animal offspring [1] [2] [3] [4] [5] [6] .
Estrous cyclicity
Sixty sexually mature female rats with regular 4-day estrous cycle were selected, randomly assigned to four groups, placed 2-3 per cage, with unlimited access to food and water, and used for testing the estrous cycle. The age of females on the day of starting the treatment was 11-12 weeks. The rats were each assigned a unique number prior to the start of the experiment. Females were exposed by gavage to solutions of DGBE in daily doses of 250, 500 and 1000 mg/kg body weight (5%, 10%, and 20% LD 50 per os). DGBE was administered by gavage in the morning 5 days a week, for 8 weeks (volume of solutions -0.5 ml per 100 g body weight). The animals in the control group received by gavage the water used to prepare the solutions of DGBE, in the volume major route of excretion of this substance and/or its metabolites is renal [10] . Data on the metabolism of DGBE are very scarce. DGBE metabolized to butoxyacetic acid in rat liver showed profound hemolytic effect on rat erythrocytes [11] . The mechanism of DGBE interaction with cells is not clear, possibly involving generation of oxidative stress during hepatic detoxification [12] . Under conditions of repeated exposure, DGBE is nephrotoxic, causing intravascular hemolysis [8, 13] . Rats treated with DGBE in drinking water for 13 weeks showed slight hepatocyte hypertrophy and minor pathological changes in the kidneys. In addition, a modest reduction in the hematocrit value, concentration of Hb and erythrocyte count was noted. The authors concluded that these changes were adaptive in character [14] . DGBE is not mutagenic or genotoxic [15] . No embryotoxic or fetotoxic effects were noted in mice receiving the substance during organogenesis or in rats receiving it throughout the pregnancy [16, 17] . This study was intended to evaluate the effects of DGBE, given orally on the estrous cycle in female rats, and administered with drinking water on the fertility of male and female rats.
MATERIAL AND METHODS
The present study was performed in conformity with the current Polish and EU regulations (Official Gazette 
Chemical

Diethylene glycol monobutyl ether (DGBE), CAS
No. 112-34-5 of purity ≥ 98.0% (GC), LOT SZB93020, calculated from the values of the body weight of male or female rats and the daily intake of water monitored continuously during the experiment. The measurements of the body weight and intakes of the solutions were performed once a week. Throughout the experiment, regular observations of the health status of animals, their appearance and behavior were continued and their body weight, weight gain, daily food and water intake were also monitored. After 9 weeks of exposure, males were mated with virgin, sexually mature females (1:1) from the same group of exposure and the same pairs of animals. The control animals were mated in the same way. The presence of sperm in vagina or a vaginal plug on the next morning was assumed to be the gestation day 0 (GD 0). Inseminated females weaned in individual single cages. Pregnant females were checked every morning and the day on which the pups were first observed was assumed to be the postnatal day 1 (PND 1). On the 1st postnatal day (PND 1), the live and dead pups were counted, weighted and their gender was determined. On PND 4 the litters were culled to eight animals each and balanced for gender (4 females and 4 males) to the extent possible.
Biochemical, hematological and pathomorphological examination
Males from the control and DGBE-exposed (1000 mg/ kg) groups were sectioned after mating. Females and males from additional groups exposed to DGBE at 250, 500 and 1000 mg/kg in drinking water were sectioned after 9 or 10 weeks of exposure, respectively. Blood samples for biochemical tests were collected at 7:30-9:30 a.m. to minimize the differences arising from the circadian cycle. Before blood sampling, the animals were left without food at 5:00-6:00 p.m. on the day preceding the tests. Blood was collected by intracardiac puncture into two S-Monovette systems containing EDTA or lithium heparin as anticoagulant.
proportional to their body weight. Vaginal smears were taken every morning (8:00-9:00 a.m.), for 12 days, after 2 and 6 weeks of exposure and 4 weeks after the cessation of the exposure. Microscopic specimens were prepared and stained with hematoxylin and Shorr's stain. On the basis of the cytological image, four phases of the estrous cycle were distinguished [18] . The time of the estrous cycle's duration was assumed to be the period starting on the date on which the estrous phase was diagnosed in the vaginal smear and ending on the date on which the proestrous phase was observed. The mortality, body weight gain, feed and water intake of all the females was monitored during the exposure period and after cessation of the exposure.
Reproductive toxicity and general toxicity of DGBE
One hundred thirty-two male and female rats were used for this part of our study. Prior to the start of the experiment each animal was assigned a unique number. The animals were assigned to the following groups: -study of fertility -control and exposed to DGBE at 1000 mg/kg (20 males and 20 females per each group), -additional groups of animals for biochemical and pathological examinations -8 females/group exposed to DGBE at doses 0, 250, 500 and 1000 mg/kg and 10 males/group receiving DGBE at 250 and 500 mg/kg. This experiment is a modification of the one-generation reproduction toxicity study [19] . Eighty female and male rats were randomly assigned as parental animals F0. The males at the age of 9 weeks were administered for 10 weeks (9 weeks before mating and 1 week during mating with females) solutions of DGBE in drinking water at a daily dose equivalent to 1000 mg/kg b.w. Animals in the control group received drinking water. Female rats at the age of 10-11 weeks were exposed to DGBE at 1000 mg/kg/day 3 weeks prior to mating with males, as well as during pregnancy and lactation (the total of 9 weeks). The concentrations of the test substance were IJOMEH 2012;25(4) 407 The concentrations of TBARS were determined in serum and tissue homogenates using the method optimized by Wąsowicz et al. [23] . Internal organs were dissected and weighed (brain, liver, spleen, kidneys, adrenals, thyroid, pituitary gland and ovaries or testes and epididymis). The organs were fixed with 10% formalin in phosphate buffer. The tissues were prepared using routine paraffin technique. The 4 to 6 μm paraffin sections were stained with hematoxylin and eosin in a Varistain Gemini Slide Stainer. Microscopic preparations were assessed qualitatively by light microscopy (Nikon Eclipse).
Statistical analysis
Absolute and relative weights of internal organs, hematological and biochemical parameters were compared using one-way analysis of variance followed by Dunnett's test. The frequency data (indices of fertility, viability, lactation, and developmental landmarks of pups) were analyzed using Fisher's exact probability test [24] . The effect on food and water consumption, body weight and body weight gain was evaluated by repeated measures analysis of variance [25] . In all statistical analyses, the difference between the compared variables was assumed to be statistically significant at p < 0.05. The data were subjected to analysis using STATA 9 package (Stata-Corp-LP, TX, USA).
RESULTS
Estrous cycle
In the control group and the groups exposed to DGBE at two intermediate doses there was no case of animal death, while the mortality of females in the highest dose group during the entire 14-week study period was 33.3% of the animals. Several females exposed to the test substance at the dose of 1000 mg/kg were in worse overall condition. Some of them were less active, had bristling hair, dyspnea, and blood around the nose and mouth. In total, the S-Monovette tubes containing EDTA were used for all hematological determinations. Lithium heparin tubes were centrifuged (10 min 5000 rpm/min), plasma was collected, erythrocytes were washed three times with 0.9% NaCl and lysed by freeze-thawing. The following parameters were determined in the plasma to assess the overall health: concentration of total protein, creatinine, blood urea nitrogen (BUN), uric acid, total cholesterol and HDL-related fractions, triglycerides and activity of alanine aminotransferase (ALT) and aspartate aminotransferase (AST). Determinations of biochemical parameters in serum were performed using kits supplied by Alpha-DIAGNOSTICS (Poland). Precision and repeatability of the method were checked using the reference normal and pathological sera from the same company. Markers of oxidative stress were measured in plasma (glutathione peroxidase activity (GSH-Px), thiobarbituric acid reactive substances (TBARS), ceruloplasmin activity (Cp), hemolysates (GSH-Px), superoxide dismutase activity (SOD) and liver and testis homogenates (GSH-Px, SOD, TBARS). In lysates of erythrocytes, hemoglobin was determined by the cyanmethhemoglobin method with Drabkin reagent. Liver and testis were homogenized in buffered physiological saline pH 7.4 containing 5 mg/l EDTA (20% w/vol.). The homogenate was centrifuged at 1000 rpm/min for 5 min. Parts of the supernatant were used to determine TBARS. In cytosolic fraction, after centrifugation (80 000×g for 60 min), GSH-Px and SOD activities were determined. The GSH-Px activity was determined by the method of Paglia and Valentine [20] with t-butyl hydroperoxide as the substrate. Superoxide dismutase activity (SOD) in red blood cells and tissue homogenates was assayed with the use of the method based on the inhibition of reduction of nitroblue tetrasolium in the presence of xanthine and xanthine oxidase [21] . Cp oxidase activity in serum was determined using the spectrophotometry method by Sunderman and Nomoto [22] .
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408 control subjects. The body weight gain of the females from the 1000 mg group during the exposure was by approximately 30% lower than in the controls. After the cessation of the exposure, the body weight gain of those females was still statistically lower. The body weight gain in the females given DGBE at the dose of 500 mg/kg was statistically lower only after the 7th week of exposure. The lower body weight gain was accompanied by decreased food consumption observed in the females from the two higher exposure groups. The daily water intake was similar in all groups of the females. A statistically significant difference was found only between the average daily water consumption in the control group and the group exposed to the highest dose of DGBE after 7 weeks of exposure. These results suggest that the dose of 1000 mg/kg (20% LD50) was toxic to female rats ( Table 1) . The average duration of the cycle, calculated from the estrous phase to the proestrous phase, was slightly longer number of dead females was five: two females died in the third week of exposure, while one fatal case was recorded in each the fifth and eighth week of exposure and the first week post-exposure. The animals were examined for gross and microscopic lesions. Gross necropsy revealed dark liver in the rats. Microscopic examination revealed hyperkeratosis in forestomach in all of the dead females, while one of them, had also, pneumonia. The general appearance and behavior of the females exposed to DGBE at 250 and 500 mg/kg/day did not differ from the behavior and appearance of the females in the control group. Observations of animals indicated that the body weight gain of the females receiving the lowest dose of DGBE (250 mg/kg) and their daily food and water intakes were similar to these in the control group. The body weight gains of the females exposed to the highest dose starting from 3rd week of exposure until the end of the observation, were statistically lower than in the between the groups of animals of the same sex in the daily intake of food and water. The only significant difference was in the daily intake of water on the 20th day of gestation in the DGBE-treated group, which was significantly lower than in the control subjects. This difference seems to be rather accidental, because neither the body weight of the mothers nor the weight of their pups changed significantly compared to the controls. The body weight gain of the males during the exposure to DGBE at the highest dose was also lower than in other groups, however, the terminal body weights in all groups were similar. All inseminated females gave birth to and raised offspring. The results of the study on the impact of exposure to DGBE on fertility in rats indicate that the test substance administered for 9-10 weeks to females and males did not impair their fertility or the viability of their offspring during the first three weeks of life. There were no significant differences between the groups in the number of pups per litter, male/female ratio, or the number of during 7-8th week of the exposure in the 500 mg/kg group, than in the controls (5.55±2.97 vs. 4.18±0.53, respectively), but before the exposure it equaled in all groups from 4.1 to 4.2 days. This difference did not depend on the magnitude of exposure and was not statistically significant because of the large individual variability in this group.
Reproductive toxicity and general toxicity of DGBE
The animals were housed individually in cages and received ad libitum standard food and tap water with or without the test material. After 6 days of exposure, one female was removed from the experiment, because the animal developed an ear infection. The body weight, the weight gain, and the food and water consumption were monitored throughout the duration of the experiment. The body weight and body weight gain during gestation and lactation of the females and the body weight and body weight gain of the males were similar in the exposed and the control groups. No differences were noted either exposed males. Lower than in the controls was absolute kidneys weight in males exposed to the two intermediate doses, while the relative kidneys weight in the 1000 mg/kg group was by 20% higher. Also, the absolute pituitary weight was lower in the highest exposure group. No changes, essential from the toxicological point of view, were observed in sectioned males in absolute and relative weight of the testis, epididymis, brain, liver, adrenals or thyroid (Table 4 ). Higher than in the female controls was the absolute weight of the spleen and pituitary of the females in 250 and 500 mg/kg groups and the kidney weight in the 250 mg/kg group. Absolute thyroid weight stillbirths. The indices of fertility (% of inseminated females that got pregnant), viability (% of pups born alive that survived up to 4 days) and lactation (% of pups alive after 4 days that survived up to 21 days) have similarly high values, near 100%, both in the control group and in the group exposed to DGBE at 1000 mg/kg. Body weight of offspring born in the control group did not significantly differ from the body weight of offspring born in the group exposed to DGBE at a dose of 1000 mg/kg (Table 2 and 3) . The males were sectioned after 10 weeks, and females after 9 weeks of exposure. Several percent higher than in the control group were the relative spleen weights of all 
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411 significantly higher. The absolute and/or relative weight of other organs (ovaries, brain, and liver) of the females exposed to DGBE was similar to the weight of the respective organs of the control females (Table 5 ).
in the 250 mg/kg group was greater, but in the 500 and 1000 mg/kg ones it was lower than in the control females. In the 1000 mg/kg females, the relative weight of adrenals was lower, and as regards the pituitary it was Abbreviations as in Table 1 . g% or mg% -relative organ weight (g or mg/100 g b.w.). 
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412 animals ( Table 8 and 9) . No changes were observed in the concentration of the total protein, creatinine, uric acid, total cholesterol, triglycerides and activity of alanine aminotransferase, glutamine aminotransferase between the rats receiving DGBE and the controls (data not shown). Among plasma oxidative stress markers, significant differences were recorded only in all the exposed males. Cp activities in the exposed groups were almost 100% higher than in the controls. Cp activities in the control rat females were nearly 50% higher than in the control males. The liver SOD activity was significantly lower in the females exposed to 500 and 1000 mg/kg DGBE in drinking water as compared with the controls. In the exposed males, the liver SOD activity did not differ between the exposed groups and the controls. The TBARS level in the liver
Hematological and biochemical analysis
Hematological parameters (hematocrit, Hb level, RBC count) were significantly lower in all groups of the male rats receiving DGBE in drinking water as compared with the controls. In the female rats receiving DGBE in drinking water these parameters did not differ compared with the controls. The percentage of lymphocytes in blood of the exposed males was significantly higher vs. the controls, but the difference was not related to the daily dose of DGBE (Table 6 and 7) . A statistically significant increase in the plasma BUN levels was noted in the males exposed to DGBE in drinking water at 250 and 1000 mg/kg. The HDL fraction of plasma cholesterol was significantly lower in the male rats exposed to 500 and 1000 mg/kg DGBE as compared with the non-exposed Abbreviations as in Table 1 .
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413 incidence of these findings was not statistically significant (p = 0.57). DGBE at the doses 250-1000 mg/kg, given to male rats does not induce pathological changes in the spermatoferous epithelium and spermatogenesis process. The microscopic examination of epididymides, seminal vesicles, prostate, pituitary gland, thyroid gland, liver, kidneys, spleen and urinary bladder did not reveal morphological changes in the rats exposed to DGBE with drinking water in comparison with the control subjects. The pathomorphological assessment of the female organs showed, only in the 1000 mg/kg group, cell proliferation in the spleen red pulp and the partial disappearance of the lymph nodules.
No changes were observed in other organs of the females exposed to DGBE at 250, 500 and 1000 mg/kg for 9 weeks.
homogenate of the males receiving DGBE at 500 mg/kg was significantly higher than in the controls, and the testis TBARS level was significantly higher in all groups receiving the chemical (Table 8 and 9) . No significant changes were observed in the GSH-Px activity in all analyzed tissues (results not included in the tables).
Pathomorphological examinations
The morphology seminiferous epithelium and the spermatogenesis process of all rats exposed to DGBE were within the normal limits. Bulks of spermatozoa were observed in the lumen of ducts epididymidis. Minimal granulocyte infiltrations were observed in prostate glands of 5/20 rats exposed to DGBE at 1000 mg/kg and of 2/10 controls. The highest dose of the substance was used in the reproduction study. As in our study, no impairment was noted in the estrous cycle or fertility of the females, or in the offspring development.
Similarly, Nolen et al. [26] noted no impairment of fertility in female rats exposed orally to DGBE at 0, 250, 500 and 1000 mg/kg 2 weeks prior to mating, during gestation, until day 13 of lactation. The females were mated with non-treated males. Another group was composed of males exposed to the same doses for 60 days prior to mating, and then mated with non-exposed females. Abnormalities in fertility or offspring development were not observed in any of the groups. The only difference was lower mean weight of the pups delivered by the females receiving DGBE at 1000 mg/kg during the later stages of lactation.
The results of our observations indicate that DGBE reduces hematological parameters in male rats. Administration with drinking water of DGBE at 250 mg/kg to male rats decreased by about 8% hematocrit, Hb concentration and erythrocyte count, whereas the dose of 1000 mg/kg decreased Hb concentration by 16% and erythrocyte count by 14%. These changes were not observed in the females. Similarly, in the EC report [28] , a decrease in erythrocyte count, Ht and Hb levels were observed in F344 rats receiving DGBE at 250 mg/kg for 90 days [14] . Metabolic pathway of DGBE formed a small amount of butoxyacetic acid [29] . The studies on the metabolism of ethylene glycol butyl ether have shown that butoxyacetic acid is responsible for hemolysis. Rats' erythrocytes are very sensitive to hemolysis, and even low level of butoxyacetic acid decreases the RBC account and Hb level [11] . Clinical chemistry parameters were unaffected in the females receiving DGBE at the doses 250, 500 and 1000 mg/kg. A significant decrease was observed in the plasma HDL fraction of cholesterol in the males receiving the two highest doses of the chemical (36.4±9.20 mg/ dl and 36.1±7.20 mg/dl vs. 48.3±11.38 mg/dl in the
DISCUSSION
Among the doses used in first part of the study, when DGBE was administered by gavage, only the highest of them was evidently toxic to the females, which was manifested by increased mortality, slower body weight gain and reduced daily food intake persisting even after the exposure. Certain effects of DGBE toxicity could also be observed in the females from the 500 mg/kg group, but they seemed to be reversible. Although DGBE administered by gavage to the females at the dose 1000 mg/kg proved to be toxic to them, it did not induce significant disturbances in the estrous cycle during or after exposure.
There was no case of death among the 19 females and 20 males given DGBE at 1000 mg/kg b.w. in drinking water. The fertility of adult rats, the number of pups born by the control and exposed females, and sex ratio in the offspring groups did not differ. The trend in the weight gain of the offspring of both sexes in the first three weeks of life was also similar in the control subjects and the DGBE groups. A detailed discussion of the results of our studies regarding the effect on fertility DGBE is impossible, due to lack of data in the literature closely related to the problem. Only Nolen et al. [26] and Auletta et al. [27] studied the effect of this chemical on fertility. However, in the first of these studies, the exposed females mated with nonexposed males, or vice versa, and in the second one, the animals were exposed by dermal administration 6 h/day, 5 days/week for 13 weeks. Our study was conducted in accordance with the OECD 415 and animals of both sexes were exposed to DGBE by means of drinking water. The exposed females were mated with the exposed males, and the control females with the control males.
The results of our studies on fertility are in line with the observations of other authors. Auletta et al. [27] evaluated the fertility of rats exposed to DGBE by dermal route using occlusive exposure 6 h/day, 5 days/week for 13 weeks.
To evaluate the general toxicity, 10%, 30% and undiluted DGBE preparations were applied, while only the DGBE is a substance of low general toxicity and it does not impair the reproductive function, so there is no basis for the search of the mechanism of action of this substance.
In the literature there are no data on the distribution of DGBE in the body. Given the hydrophilic nature of this substance (Kow = 0.56), it can be assumed that its distribution is homogeneous in tissues rich in water. Therefore, it is unlikely to accumulate in the body and consequently, low systemic toxicity of DGBE after repeated administration can be assumed.
In spite of the above, the results of our study have some practical value. They can be used for regulatory purposes such as determining the maximum permissible concentrations in the environment, as well as classification of this substance taking into account its toxicity and proper labeling. controls, p < 0.05). Significant, ca. 20% increases in the BUN levels, were observed in the males receiving 250 mg/ kg and 1000 mg/kg. These results are in conformity with the data obtained by Johnson et al. [14] , who observed a slight, but significant decrease in the AST activity and total protein and cholesterol concentrations in both genders after administration of 1000 mg/kg for 13 weeks. The differences in these parameters after 2 weeks of administration were insignificant. After 13-week dermal application in the male and female rats, there were no differences in the clinical chemistry parameters either [27] .
To assess the mechanism of interaction of DGBE with bioactive cell compounds, the makers of oxidative stress were analyzed. In the previously published studies on the health effects of glycol ethers, it had been found that a structurally similar compound, ethylene glycol n-butyl ether, may induce oxidative damage in the liver of male mice [30] . We found elevated levels of the markers of prooxidative processes -TBARS in the liver of male rats after administration of 500 mg/kg of DGBE and in the testis after all doses of the investigated compound. Hepatic I Phase enzymes can produce active intermediates, which generate reactive oxygen species and slightly increase oxidative stress after the administration of 1000 mg/kg. The activity of the mixed function oxidase was unchanged after the administration of DGBE, but the activities of other hepatic I Phase enzymes were slightly elevated [14] . An increase in the TBARS levels may result from the reaction of ROS generated during I Phase of detoxification with lipids. Increased TBARS levels were observed only in the liver of male rats after the administration of 500 mg/kg. It should be considered whether the administration of high doses of this substance initiates other unknown protective mechanisms. In such a case the elimination of a part of DGBE would take place via other pathways. The decreased SOD activity in the liver of females receiving DGBE at the doses of 500 and 1000 mg/kg confirms the imbalance in the
